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Margaret S. Robinson,* Colin Watts,² coli and has shown that it is able to trimerize into a
triskelion ªhub,º to bind light chains, and to assembleand Marino Zerial³
*Department of Clinical Biochemistry into a hexagonal lattice. Moreover, her lab has now crys-
talized the recombinant clathrin, so detailed structuralUniversity of Cambridge
Cambridge CB2 2QR information about assembly should be forthcoming.
One of the hallmarks of clathrin-coated vesicles isUnited Kingdom
²Department of Biochemistry their selectivity. Certain membrane proteins, notably re-
ceptors for extracellular ligands such as low densityMedical Sciences Institute
University of Dundee lipoprotein, transferrin, and epidermal growth factor (EGF),
are very efficiently concentrated in clathrin-coated vesi-Dundee DD1 4HN
United Kingdom cles, and in most cases this property has been corre-
lated with the presence of a Tyr-containing ªinternaliza-³European Molecular Biology Laboratory
Meyerhofstrasse 1 tion signalº in the cytoplasmic domain of the membrane
protein. There is evidence from in vitro studies that the69017 Heidelberg
Federal Republic of Germany internalization signal works by binding to protein com-
plexes called adaptors or APs, which are also compo-
The plasma membrane effectively separates the inside nents of the coat, forming an inner layer and attaching
of the cell from the outside. Small molecules can be the clathrin to the membrane. There are two distinct
transported across the membrane in a controlled fash- types of adaptors in the cell: the one associated with
ion, but the cell surface is impermeable to macromole- the plasma membrane is the AP-2 adpator, while the
cules. Yet every eukaryotic cell is constantly taking up AP-1 adaptor is associated with the trans±Golgi network
samples of theoutside world through the processknown (TGN). A. Sorkin (University of Colorado, Denver) has
as endocytosis (see Figure 1). The first European meet- shown that it is possible to coimmunoprecipitate AP-2
ing on endocytosis was held 7 years ago in Portugal at adaptors and EGF receptors in EGF-treated cells (Sorkin
the Gulbenkian Institute, and ever since then a similar and Carpenter, 1993), and at the meeting he presented
meeting has been held more or less every other year. studies using this system to map the adaptor-binding
The size of the meeting has grown, but its essential site on the EGF receptor to one of several potential
character has not changed. It remains an informal forum internalization signals. However, he was able to mutate
for discussing new results and new ideas, rivaling com- the binding site and still get reasonably efficient internal-
parable meetings in the United States. The most recent ization of the receptor, indicating that protein recogni-
meeting was held September 14±19, 1995, in Blarney, tion may be more complex than some of the in vitro
Ireland. (A number of the participants took advantage studies might suggest. The importance of Tyr-based
of the location tokiss the famousBlarney Stone; whether signals was further demonstrated by studies on the en-
or not this improved their presentations was a matter velope glycoprotein from simian immunodeficiency vi-
of some debate.) Among the topics covered in the rus (SIV). J. Hoxie (University of Pennsylvania, Philadel-
course of the meeting were how macromolecules and phia) and colleagues have identified a variant of SIV that
even larger particles gain entry into the cell, what hap- expresses high levels of the envelope glycoprotein on
pens to them when they arrive, and how this process is the surface of infected cells, a phenotype that turns out
used by the cell and organism and how it is exploited to correlate with a Cys for Tyr substitution at position723
by pathogens. in the glycoprotein and reduced rates of endocytosis.
Chimeras between a reporter protein and the cyto-
plasmic tail of the SIV glycoprotein showed dramaticallyClathrin-Mediated Endocytosis
different rates of endocytosis depending on whether TyrThe best characterized mechanism for gaining entry into
or Cyswas present at this position. This Tyr is conservedthe cell is the clathrin-coated vesicle. Many, perhaps
in all primate lentiviruses, including HIV, and it will bemost, of the molecules required for clathrin-mediated
interesting tosee whether levels of surface glycoprotein,endocytosis have been identified and characterized.
apparently modulatable by endocytosis, play a role inThe key event in this process is the recruitment of solu-
the pathogenesis of these viruses.ble clathrin from the cytoplasm onto the plasma mem-
In spite of the evidence for the importance of Tyr-brane, where it assembles into a lattice of hexagons and
containing internalization signals and their ability to bindpentagons, forming a cage-like structure that encloses a
to adaptors, it seems unlikely that this interaction ismembrane vesicle. The basic clathrin assembly unit is
sufficient to recruit adaptors from the cytosol onto thethe triskelion, consisting of three copies of clathrin heavy
plasma membrane, since proteinsthat have these motifschain and three copies of clathrin light chain. Models
are found in other compartments as well. Thus, therehave been proposed to explain how the triskelion as-
may be a specific AP-2 receptor on the plasma mem-sembles into a lattice, but there are a number of unan-
brane and an AP-1 receptor on the TGN membrane.swered questions, including the precise position and
These receptors have yet to be identified, but presum-function of the light chains. F. Brodsky (University of
ably they work by binding to targeting signals on theCalifornia, San Francisco) has now expressed the
C-terminal domain of clathrin heavy chain in Escherichia two adaptor complexes. M. Robinson (University of
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Figure 1. Model for the Intracellular Organi-
zation of theEndocytic Pathway of a Mamma-
lian Cell, Based on Reports at the Meeting
Entry into the cell is mediated by caveolae,
nonclathrin-coated vesicles (N-CCV), clathrin-
coated pits and vesicles (CCP and CCV),
macropinosomes, and phagosomes. The for-
mation of phagosomes requires the Tyr ki-
nase Syk. The clathrin-coated vesicles that
bud from the plasma membrane are coated
with AP-2 adaptors as well as clathrin, and
their formation is regulated by the GTPase
dynamin. These vesicles deliver their cargo
to early endosomes (EE), a process controlled
by the small GTPase Rab5. Rab5, acting
through its effector rabaptin-5, also regulates
the homotypic fusion between early endo-
somes (not shown in the scheme). Receptors
that are recycled back to the plasma mem-
brane transit through a recycling endosome
(RE) that is enriched inTRs and in the SNARE-
like protein cellubrevin. Whether this is a subcompartment of the early endosome or a distinct compartment, as drawn here, is not clear. Rab4
is proposed to control access into the recycling endosome. Myr4 and calmodulin are implicated in the function of early endosomes in polarized
epithelial cells, possibly by controlling sorting to the recycling endosome. MPRs, together with the small GTPase ARF1, promote the recruitment
of AP-1 adaptors onto the TGN and drive the assembly of clathrin-coated vesicles from this compartment. ARF6 appears to recruit a novel
nonclathrin coat onto early endosomes. Transport from the early endosome to the late endosomes (LE) is mediated by ECVs, whose formation
requires the coatomer coat protein b-COP. ECVs are attached to microtubules via the linker protein CLIP170. The calcium-binding proteins
annexins are implicated in the organization of the endocytic pathway, and different members of the family are associated with different
endosomal compartments. Phagosomes appear to fuse sequentially with all elements of the endocytic pathway, early endosomes, late
endosomes, and lysosomes, probably using the same machinery that controls homotypic and heterotypic fusion events between these
compartments.
Cambridge, United Kingdom) and colleagues have flies are incubated at a nonpermissive temperature,
within seconds they become paralyzed because theyswapped domains between subunits of the AP-1 and
AP-2 adaptor complexes and have found that adaptors are unable to recycle synaptic vesicle membrane at the
neuromuscular junction. S. Schmid (Scripps Clinic andcontain at least two such targeting signals, which may
bind to different components of the putative receptors. Research Foundation, La Jolla, California) has now
transplanted the Drosophila shibire mutation into mam-Results from in vitro studies indicate that adaptor re-
cruitment is a relatively complicated event. The pres- malian dynamin and has generated temperature-sensi-
tive cells in which the coated vesicle cycle can beence or absence of cargo molecules can affect the
amount of recruitment (see below), and there is also blocked instantaneously. Selective uptake of transferrin
is abolished upon temperature shift, but fluid phase en-evidence for regulation by the ADP-ribosylation factor
(ARF) family of small GTP-binding proteins. ARF1 primes docytosis continues, initially at 50% the normal rate, but
within 30 min it reaches wild-type levels. This rapid andthe TGN membrane for AP-1 recruitment, while the rele-
vant ARF for AP-2 recruitment has still not been identi- very accurate response indicates that endocytosis is
required for more than just selective internalization offied. P. Peters (Universiteit Utrecht, The Netherlands)
has investigated the potential role of the most divergent extracellular ligands, and it suggests that a more funda-
mental role for endocytosis may be as a means of bal-of the ARFs, ARF6, in endocytosis. The protein is clearly
involved in the endocyticpathway, since overexpression ancing membrane traffic between the cell surface and
intracellular compartments, thus keeping the size ofof mutant forms of ARF6, predicted to be defective in
either GTP hydrolysis or GTP binding, inhibit endocyto- each compartment more or less constant.
sis and membrane recycling, respectively. In addition,
expression of the GTP-binding mutant causes the cell Nonclathrin-Mediated Endocytosis
Other methods have also been described for switchingto accumulate endosomal membranes covered with a
nonclathrin coat, a surprising finding in view of the fact off clathrin-mediated endocytosis, although these do
not work as rapidly as dynamin inactivation: K1 deple-that, in all other cases, nucleotide binding has been
found to be essential for coat assembly. However, it is tion, hypertonicity, and cytosol acidification. K. Sandvig
(Norwegian Radium Hospital, Oslo) has made use ofstill not clear whether the recruitment of this coat is a
direct or an indirect effect of expression of the ARF6 cytosol acidification to study the regulation of clathrin-
mediated and nonclathrin-mediated endocytosis andmutant.
There is at least one more component of the clathrin- finds that the nonclathrin-mediated pathway appears to
be more easily perturbed, at least on the apical side ofcoated vesicle machinery: dynamin. This protein is re-
quired for coated pits to pinch off as coated vesicles, MDCK cells, than the clathrin-mediated pathway, re-
sponding todrugs that affect protein kinase C, phospho-a function that was discovered through studies on Dro-
sophila with a temperature-sensitive mutation in their lipase A, and calmodulin. What purpose might the non-
clathrin-mediated pathway serve, other than controllingdynamin gene, shibire (Gugliatti et al., 1973). When these
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the size of the plasma membrane? Although most extra- supports the idea that the high ratio of volume to surface
area that these large vesicles offer may be particularlycellular ligands are thought to use clathrin-coated vesi-
cles for their internalization, one ligand that appears to useful for sampling the extracellular environment, espe-
cially by cells involved in immune responses. Thus, mac-use the nonclathrin-mediated pathway for its uptake is
interleukin-2 (IL-2). A. Dautry-Varsat (Institut Pasteur, ropinocytosis has beenshown tobe used for thecapture
and presentation of endocytosed antigens on class IIParis) reported that the IL-2 receptor in leukocytes is
still efficiently internalized after K1 depletion, while in major histocompatibility complex (MHC) molecules (Sal-
lusto et al., 1995), and at the meeting, evidence wasthe same cells the rate of endocytosis of the transferrin
receptor (TR) is severely reduced. presented suggesting that this pathway may also be
used to allow endocytosed proteins to be presented onThe prevailing view is that clathrin-mediated and non-
clathrin-mediated endocytosis normally occur in parallel class I MHC molecules. Class I is more commonly used
to present cytosolic proteins, but C. Watts (Universityand that the nonclathrin-mediated pathway can be
up-regulated when the clathrin-mediated pathway is of Dundee, United Kingdom) and colleagues showed
that endocytosed proteins are capable of leaving theswitched off. An alternative view was proposed by P.
Courtoy (UniversiteÂ Catholique Louvain, Brussels), who macropinosome unscathed instead of being degraded
in lysosomes (their more usual fate), and in this waysuggested that both pathways use the same (as yet
unidentified) mechanism for budding and that clathrin become cytosolic proteins available for class I presenta-
tion. Whether this pathway isused to transfer macromol-and adaptors merely serve to trap specific membrane
proteins and their ligands in the vesicle. However, coats ecules into the cytoplasm for other purposes as well is
still unknown.have been shown to be essential for vesicle budding in
the secretory pathway, so it seems unlikely that the Studies on membrane traffic have benefited enor-
mously from the application of yeast genetics (reviewedplasma membrane would be able to bud without some
sort of scaffold. Caveolae may be responsible for at by Pryer et al., 1992), and H. Riezman (University of
Basel, Switzerland) has used this approach to investi-least some of the nonclathrin-mediated endocytosis in
the cell. While the exact function of caveolae remains gate the endocytic pathway, focusing in particular on
internalization of the a-factor receptor. It is not yet clearunclear, recent work has provided some insights into
the biogenesis of these enigmatic structures. The best which of the mammalian pathways the yeast pathway
most resembles. On the one hand, actin, actin-bindingmarker for caveolae is VIP21±caveolin (V-caveolin), an
integral membrane protein that is densely packed within proteins, and sphingolipids are all required for endocy-
tosis in yeast, suggesting perhapsa caveolae-like mech-the caveolar membrane. A. Fra (European Molecular
Biology Laboratory [EMBL], Heidelberg, Federal Repub- anism since these molecules are also implicated in
caveolar function; on the other hand, there are also re-lic of Germany; Fra et al., 1995) presented studies show-
ing that expression of V-caveolin in a lymphocyte cell quirements for clathrin heavy chain and for a protein with
homology to the mammalian dynamin-binding proteinline that normally lacks this protein and that has no
caveolae (as defined morphologically) causes plasma amphiphysin, suggesting a clathrin-mediated mecha-
nism. At the meeting Riezman presented findings on themembrane invaginations to form that appear identical
to the endogenous caveolae of other cells and that, like role of another highly conserved protein, ubiquitin, in
the yeast endocytic pathway. His results indicate thatendogenous caveolae, are able to concentrate anti-
body-clustered GPI-anchored proteins. T. Kurzchalia the a-factor receptor needs to be ubiquitinated on its
cytoplasmic domain for its endocytosis, a prerequisite(Max Delbruck Center for Molecular Medicine, Berlin)
has investigated the molecular properties of V-caveolin for its degradation within the vacuole (the yeast equiva-
lent of the lysosome), and there are suggestions that ain vitro and finds that it forms oligomers and interacts
with cholesterol, properties that are likely to be impor- similar mechanism might be used for certain receptors
in animal cells. Ubiquitination is known to lead to proteintant in the biogenesis of caveolae in vivo. However,
caveolae cannot account for all clathrin-independent degradation via a nonlysosomal pathway, but these find-
ings suggest a more general role for ubiquitination in allendocytosis: the IL-2 receptor must be internalized by
a different route, since lymphocytes do not express degradation pathways, lysosomal as well as nonlyso-
somal.V-caveolin.
One feature that clathrin-coated vesicles, caveolae, The various types of endocytosis discussed above all
fall into the category of pinocytosis, or cellular drinking.and nonclathrin-coated vesicles have in common is that
their sizes are all tightly controlled: caveolae are 50±80 Phagocytosis, or cellular eating, was discovered long
before pinocytosis, but its molecular basis is only nownm in diameter, clathrin-coated vesicles are 100±150
nm in diameter, and nonclathrin-coated vesicles are beginning to be understood. Phagocytic cells such as
macrophages bind to antibody-coated particles via theirgenerally somewhere in between. Much larger endocytic
structures of z0.5±2 mm diameter, called macropino- surface Fc receptors, and this interaction triggers the
cell to extend pseudopods around the particle and even-somes, are also able to form in certain cell types. Macro-
pinosomes mainly form at the leading edge of the cell tually engulf it. Actin assembly is essential for phagocy-
tosis to occur, and S. Silverstein (Columbia University,where membrane ruffling occurs, and they can be in-
duced by treating the cells with growth factors or phor- New York) has found that Tyr kinase activity is also
required. Among the substrates that become phosphor-bol esters or by inducing the expression of v-src (P.
Courtoy, Universite Catholique Louvain). Their function ylated are some of the actin-associated proteins that
are also found in focal adhesions; however, the relevanthas until recently been obscure, but increasing evidence
Cell
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kinase appears to be not the focal adhesion kinase, but and basolateral endosomes can rather be viewed as a
Syk. Coexpression of Syk and a suitable receptor can unique, dynamic endosomal compartment that is com-
turn a normally nonphagocytic cell into a phagocyte, petent for polarized sorting of apical and basolateral
thus providing a model system for investigating the markers.
events that lead to phagocytosis in further detail. An- The two plasma membrane compartments of epithe-
other promising system for looking at phagocytosis was lial cells contain not only different proteins but also dif-
described by Gareth Griffiths (EMBL). This system in- ferent lipids: glycosphingolipids are enriched on the api-
volves feeding the phagocytes latex beads that can then cal plasma membrane, whereas phospholipids are
be isolated at various time points by flotation. These enriched basolaterally. This asymmetric distribution,
membrane-coated beads can be used to study not only however, is not an absolute property of all sphingolipids:
early events in phagocytosis, but also later events that G. van Meer (University of Utrecht) reported that in
occur as the phagosome matures. Although phagocyto- MDCK cells, galactosylceramide, digalactosylceramide,
sis and pinocytosis use different mechanisms for entry and sulfatide are twice as concentrated basolaterally
into the cell, their later stages are remarkably similar, relative to apically as glucosylceramide. Surprisingly,
making use of many of the same compartments and the sorting between sphingolipids was unable to be de-
same molecules, as discussed below. tected in the transcytotic pathway. This means that lipid
transcytosis reflects bulk membrane flow and thus that
sphingolipid probes can be used for quantitative mea-
Early Endosomal Compartments surements of this pathway.
Following internalization from the surface, membrane A number of the talks and posters presented at the
proteins, lipids, and solutes enter early sorting endo- meeting illustrated how morphological studies of endo-
somes. This compartment is morphologically defined as cytic organelles have been greatly facilitated by the
consisting of vacuoles, cisternae, and tubules. From availability of expression systems for producing high
here, some endocytosed receptors that are sorted back levels of marker proteins (e.g., TR) and by improved
to the plasma membrane, such as TR, also pass through techniques for analyzing the labeled structures. How-
a separate, highly tubulated recycling compartment. ever, despite these technical developments, the bound-
While the sorting endosomes are spread throughout the aries between compartments of the endocytic pathway
cortical cytoplasm of the cell, in many cell types the remain difficult to trace. There are several reasons for
recycling compartment is located in the peri-Golgi re- this. First, the movement of the internalized markers is
gion, juxtaposed to the Golgi stack and the TGN. often not synchronous enough to follow their progres-
An additional layer of complexity is added to the orga- sion through individual membrane compartments. Sec-
nization of the endocytic pathway in polarized epithelial
ond, the segregation between compartments is more
cells. These cells have to face two distinct extracellular
difficult to appreciate if the three-dimensional organiza-
environments, and morphological observations using
tion of the compartments is exceedingly complex: for
fluid phase tracers have indicated that two separate and
instance, early endosomes consist of tubular, cisternal,
functionally distinct types of endosomes underlie the
and vesicular domains. Third, the endocytic organelles
apical and basolateral plasma membrane domains (Par-
are highly dynamic, and their structure is continuously
ton et al., 1989). These findings have been supported
remodeled, as visualized by J. Heuser (Washington Uni-
by in vitro studies indicating that apical endosomes can
versity, St. Louis, Missouri) in a remarkable series offuse with each other but not with basolateral endosomes
video microscopic observations. These video images(Bomsel et al., 1989). However, although earlier studies
showed striking sequences of membrane tubulation asfailed to show any mixingbetween thecontents of apical
well as fusion and fission events. The movement of glob-and basolateral endosomes, C. Hopkins (University Col-
ular endocytic structures along tubular connections waslege London) has now revisited the endocytic pathway
also observed, much in compliance with earlier observa-in polarized MDCK cells and has proposed an alternative
tions by Hopkins et al. (1990). Obviously, these dynamicscenario. Using a Rous sarcoma virus±based expres-
features complicate the interpretation of static morpho-sion system to produce high levels of TR, a marker of
logical images.the basolateral plasma membrane and endosomes, he
To understand the complex organization of the endo-found that 10% of total TR was present on the apical
cytic pathway, it will be essential to establish a relation-surface, and iodinated transferrin internalized from the
ship between a morphological description and a bio-apical side was able to saturate the total pool of recep-
chemical definition of the various components of thetors within 120 min. By electron microscopy, TR labeled
transport machinery. An ever-growing set of factors haswith gold and internalized apically was found to meet
emerged whose role is to regulate transport along theTR tracers endocytosed basolaterally in a common com-
endocytic pathway. Some of these factors appear to bepartment. This compartment also contained polymeric
used at multiple stages and are required not only forimmunoglobulin A (IgA) receptor, a protein known to be
the endocytic pathway but also for the secretory path-transcytosed from the basolateral to the apical side of
way. For instance, NSF (the N-ethylmaleimide [NEM]-the cell. Therefore, although preferentially basolateral,
sensitive fusion protein), the NEM-sensitive fusion pro-a substantial fraction of TR can reach the apical plasma
tein originally identified as being required for transportmembrane and shuttle between the apical and basolat-
through the Golgi apparatus (Rothman, 1994), is noweral domains. These experiments indicate that mixing
known to be used for other fusion events as well. P.of content between apical and basolateral endosomes
can occur, and Hopkins has proposed that the apical Woodman (University of Manchester, United Kingdom)
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presented evidence at the meeting showing that fusion by Stahl. Wortmannin, an inhibitor of PI 3-kinase, was
found to inhibit early endosome fusion, and this inhibi-between endosomes requires NSF, although there ap-
pear to be additional (as yet unidentified) NEM-sensitive tion could be rescued by expression of the GTPase-
deficient Rab5(Q79L) mutant, suggesting that PI 3-factors also needed. The soluble NSF attachment pro-
teins, or SNAPs, which facilitate the binding of NSF to kinase somehow regulates the activity of the Rab5-
dependent fusion machinery. The effect of Wortmanninmembranes, also appear to be used at multiple stages,
while the SNAP receptors, or SNAREs, are specific for on the endocytic pathway was also illustrated by P.
Luzio (University of Cambridge), who reported a strikingeach step. Cellubrevin, for instance, is a vesicle-associ-
ated SNARE (v-SNARE) specifically involved in transport swelling of late endosomal compartments but not lyso-
somes in response to the drug. The swollen structuresfrom the recycling compartment to the plasma mem-
brane. appeared to be heterogeneous, as most were positive
for either mannose 6-phosphate receptor (MPR) orThe members of the Rab family of small GTPases are
also compartment specific. Transport from the plasma lgp120 but not both. Wortmannin may act on trafficking
from endosomes to the TGN or between endosomes andmembrane to the early endosomes is controlled by
Rab5, which also regulates the dynamics of early endo- lysosomes. The actual role played by PIs in membrane
traffic is unknown at the moment, although these mole-some fusion (Bucci et al., 1992). How does the GTP/GDP
cycle of Rab5 regulate endocytic traffic? The functional cules are now implicated in a number of exocytic and
endocytic transport reactions, including vacuolar pro-mechanism of Rab proteins is not known, and although
genetic interactions have been reported between Rab tein sorting (VPS) in yeast, where the Vps34 protein was
shown to be related to the 110 kDa catalytic subunit ofproteins and SNAREs, it is not clear whether Rab pro-
teins directly control SNARE function. M. Zerial (EMBL) PI 3-kinase (Schu et al., 1993). While it is possible that
local changes in the concentration of these lipids mayreported the identification of a novel 100 kDa protein,
rabaptin-5, which specifically interacts with the GTP- alter the structure of the lipid bilayer and facilitate the
budding process (Ohashi et al., 1995), the results pre-bound form of Rab5. Rabaptin-5 is a cytosolic protein
that is recruited onto early endosomes by Rab5 in a sented at the meeting as well as reports in the literature
(Jones and Clague, 1995) implicate PIs also in the dock-GTP-dependent manner. In vivo, overexpression of ra-
baptin-5 alone induces the expansion of early endo- ing/fusion process.
How is transport regulated in the recycling pathway?somes, and immunodepletion of rabaptin-5 from cytosol
inhibits Rab5-dependent early endosome fusion in vitro. A different Rab protein, Rab4, is implicated in transport
from early endosomes to the cell surface (van der SluijsRabaptin-5 thus appears to behave as a direct Rab
effector. The membrane recruitment of rabaptin-5 by et al., 1992). Is Rab4 associated with the recycling endo-
somes? P. van der Slujis (Universiteit Utrecht) reportedRab5 suggests functional similarities with other small
GTPases of the Ras superfamily. Ras, for example, a detailed comparison of the localization of epitope-
tagged Rab4 and Rab5, based on confocal and electronserves as a membrane anchor for the Raf kinase in signal
transduction, and ARF recruits coat proteins onto the microscopy studies. Rab4 only partially colocalized with
Rab5, and many vesicular profiles contained only one ofmembrane in the process of vesicle budding. Therefore,
small GTPases appear to share the function of acting the two proteins. Interestingly, the peri-Golgi recycling
compartment labeled with fluorescein isothiocyanateas regulatable membrane anchors. It will be interesting
to see which molecules rabaptin-5 interacts with in the (FITC)±transferrin internalized for 15 min was Rab4 neg-
ative but enriched in the v-SNARE cellubrevin. The pic-process of membrane docking and fusion. Rabaptin-5
displays coiled-coil domains that are likely to bind other ture emerging from these studies suggests that Rab4
acts prior to this compartment, perhaps regulating thecoiled-coil proteins. Candidates include SNAREsas well
as other cytosolic factors that are implicated in mem- transport from the sorting endosomes to the recycling
endosomes. These data provide further evidence for abrane traffic and genetically interact with Rab proteins
in yeast. compartmentalization of the endocytic/recycling path-
way. Which Rab protein may connect the peri-GolgiRab5 also plays a role in the fusion of phagosomes
with endosomes. Using phagosomes isolated from cells recycling compartment with the cell surface is not yet
known. Several candidates exist that are associatedthat had been allowed to internalize latex beads (see
above), Griffiths (EMBL) and colleagues were able to with endocytic structures (Zerial and Stenmark, 1993),
reconstitute phagosome±endosome fusion in vitro, and but their function in the pathway has still to be deter-
found that this process is inhibited by the addition of mined.
purified RabGDI, which increases the ratio of soluble
relative to membrane-associated Rabs, but stimulated
Beyond the Early Endosomeby Rab5 complexed to RabGDI. Similar results on the
From early endosomes internalized molecules can pro-role of Rab5 in phagosome±endosome fusion were re-
ceed to further stations along the endocytic pathway,ported by P. Stahl (Washington University), who further
late endosomes and lysosomes, to be degraded. J.demonstrated that phagosomes containing living Liste-
Gruenberg (University of Geneva, Switzerland) has de-ria monocytogens displayed a higher propensity to fuse
veloped an invitro assay that reconstitutes the formationwith endosomes than phagosomes containing the inac-
of transport intermediates between early and late endo-tivated pathogen, a property that appeared to correlate
somes. These structures, termed endosomal carrier ves-with the level of Rab5 on these membranes.
icles (ECVs), can fuse with late endosomes in a microtu-A connection between Rab5 and phosphatidylinosi-
tols (PIs) was suggested by additional studies reported bule-dependent fashion but not with early endosomes
Cell
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or with each other. Formation of ECVs from early endo- the interaction between ECVs and late endosomes, both
in vivo and in vitro. CLIP170 is a protein required for thesomes requires cytosol and ATP and is inhibited by
GTPgS. ECVs lack early endosome markers (TR and binding of ECVs to microtubules (Pierre et al., 1992),
and T. Kreis (University of Geneva) showed that thisRab5), but can be labeled with antibodies against
b-COP, a subunit of the coatomer coat protein complex interaction is negatively regulated by a microtubule-
associated kinase that phosphorylates CLIP170 on Seroriginally thought to be associated only with the Golgi
apparatus. ECV formation is blockedby anti-b-COP anti- residues and prevents the protein from binding to the
microtubules. Normally, CLIP170 associates with thebodies, and the inhibition can be rescued by addition
of purified coatomer. Altogether, these data suggest plus end of microtubule; however, a C-terminal trunca-
tion of CLIP170 leads to a localization of CLIP170 alongthat coatomer plays a role in the generation of vesicular
structures not only in the biosynthetic pathway but also the entire microtubule length. The microtubule-binding
domain of CLIP170 is therefore located to its N-terminusfrom the early endosomes. Interestingly, inactivation of
the proton pump vacuolar ATPase with bafilomycin A1, whereas the membrane-binding and regulatory region
is at the C-terminal end. This domain organization waswhich impairs transport between early and late endo-
somes, concomitantly causes the dissociation of b-COP exploited to produce dominant competitors of CLIP170
defective in microtubule or membrane binding. Cellsfrom the early endosomes. These data raise thepossibil-
ity that a pH sensorcontrols the recruitment of coatomer expressing such mutants as well as cells microinjected
with antibodies raised against the C-terminal domainon the endosome membrane.
Annexins are also implicated in the endocytic path- of CLIP170 acquired resistance to vesicular stomatitis
virus infection. Since viral nucleocapsid release de-way. These are soluble proteins that associate with the
membrane via their Ca21-binding sites formedby (gener- pends on an acidic (endosomal) environment, these re-
sults suggest that CLIP170 is specifically required forally four) repetitive sequence elements. V.Gerke (Univer-
sity of MuÈnster, Federal Republic of Germany) presented transport from early to late endosomes.
subcellular fractionation data showing that in BHK cells,
annexins I and II are enriched on early endosomes, while A Meeting of Two Pathways
Trafficking between the Golgi complex and endosomesannexins IV and VI are more widely distributed. Annexins
II and VI remain membrane associated even in the ab- allows communication between the biosynthetic and the
endocytic pathways. Golgi to endosome traffic is medi-sence of Ca21, while the association of annexins I and IV
with membranes is strongly Ca21 dependent. N-terminal ated by clathrin-coated vesicles, which form when
AP-1 adaptors and clathrin are recruited onto the TGNdeletion mutants were generated in annexin I, and some
of these constructs were found to cofractionate with membrane. The resulting carrier vesicles transport
cargo molecules, mostly lysosomal enzymes bearinglate endosomes and ECVs instead of primarily with early
endosomes. The use of these mutants should provide the mannose 6-phosphate recognition marker, towards
the endocytic pathway. B. Hoflack (EMBL) presentedinsights into the role of this class of proteins, whose
functions until now have remained somewhat obscure evidence that the cargo itself plays a primary role in
regulating coat assembly. Recruitment of AP-1 onto the(Gruenberg and Emans, 1993). Certainly, Ca21 has been
implicated in a number of membrane-trafficking events: TGN membrane can be reconstituted in vitro using per-
meabilized cells. Studies on cells derived from knockoutfor instance, Gruenberg reported at the meeting that
antagonists of calmodulin stimulate the homotypic mice lacking one or both MPR genes showed that MPRs
contribute to the formation of high affinity AP-1-bindingfusion between apicalendosomes and between basolat-
eral endosomes, as well as transport from early endo- sites on the TGN membrane in a process also requiring
the small GTPase ARF1 or an ARF family member. Thus,somes to the transferrin-enriched recycling compart-
ment, and some of these Ca21 effects may be annexin sorting of cargo (i.e., MPRs) is highly coupled to the first
step of coat assembly. By reexpressing various deletionmediated. Interactions between annexins and the actin
cytoskeleton have also been reported, and another of mutants of the cation-dependent MPR in MPR-negative
cells, two distinct structural determinants in the cyto-the recurring themes at the meeting was the involvement
of actin and actin-binding proteins in the endocyticpath- plasmic tail of the receptor were found to be necessary
for its trafficking. The first is a casein kinase II phosphor-way. Thus, Gruenberg presented evidence implicating
the unconventional myosin Myr4 in transport from early ylation site that is critical for high affinity binding of AP-1.
The second is an adjacent dileucine motif. However, thesorting endosomes to recycling endosomes, while Grif-
fiths (EMBL) reported that the rate of phagosome± latter motif is not essential for AP-1 binding but probably
necessary for a downstream sorting event. Multiple sig-endosome fusion can be modulated by treatments that
affect the actin cytoskeleton: fusion is inhibited by nals are therefore responsible for sorting the cation-
dependent MPR as it cycles between the exocytic andRhoGDI and stimulated by addition of the actin-severing
fragment of gelsolin. endocytic pathways.
Genetic screens in yeast have identified a number ofStudies on the involvement of the actin cytoskeleton
in membrane traffic are still in their early stages. In con- molecules involved in membrane traffic, and this ap-
proach has been particularly fruitful when applied to thetrast, there is now a large body of evidence showing
that microtubules play an important role in membrane Golgi to vacuole pathway. Over 50 genes have so far
been found in Saccharomyces cerevisiae that act attraffic, acting as tracks along which carrier vesicles can
move from one membrane compartment to another. For various stages of this pathway (Horazdovsky et al.,
1995), and at the meeting S. Emr (University of California,instance, microtubules have been shown to facilitate
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San Diego) described recent progress on three such support the idea that retrieval of synaptobrevin into syn-
aptic vesicles probably occurs via TR-postive endo-genes, VPS11, VPS18, and VPS28. Disruption of either
VPS11 or VPS18, two genes encoding proteins that con- somes, since theprotein can be trapped in this compart-
ment following uptake at 158C. Incubation of thistain a Cys-rich zinc finger±like domain, results in temper-
ature-sensitive growth, prevents sorting of both integral intermediate with brain cytosol results in the segregation
of synaptobrevin away from TRs into a vesicle popula-membrane proteins and soluble vacuolar hydrolases,
and causes the loss of a normal vacuole and a reduction tion that cosediments with synaptic vesicles, thus pro-
viding an in vitro system that should facilitate the identifi-in the rate of endocytosis. The protein products of these
two genes are components of a hetero-oligomeric pro- cation of cytosolic factors required for synaptic vesicle
biogenesis.tein complex associated with the vacuole and also with
a nonvacuolar organelle, suggesting that this complex The endocytic compartments involved in antigen pre-
sentation most likely represent a further elaboration ofmay function in the transport of proteins from endo-
somes to the vacuole. Another protein that acts at a the basic endocytic pathway. During class II MHC-
restricted antigen presentation to T lymphocytes, endo-prevacuolar stage is Vps28p. vps28 mutant cells accu-
mulate an endosome-like organelle, termed the class E cytosed proteins are only partially degraded and are
then reexpressed on the cell surface bound to class IIcompartment, in which vacuolar and endocytic markers
accumulate. By electron microscopy, structures con- MHC, thus helping to dispel the idea that proteolysis and
recycling to the cell surface must be mutally exclusivesisting of concentric rings of cisternal membranes were
observed in such cells. It is possible that this is a novel possibilities. H. Geuze (Universiteit Utrecht) reviewed
the evidence for specialized endosomal compartmentscompartment that accumulates in vps28 mutants owing
to the inefficient transport of both endocytic and biosyn- consisting of multivesicluar and multilamellar bodies
(MVBs and MLBs, respectively) calledMIICs, where anti-thetic material out of the prevacuolar compartment.
Genetic studies on the fission yeast Schizosaccharo- genic peptides may be captured by class II MHC mole-
cules. These compartments are rich in class II MHC, asmyces pombe have also provided insights into the endo-
cytic pathway, in particular the role of Rab proteins. The well as in HLA-DM, a related molecule that boosts the
removal of processed invariant chain fragments and thatprotein encoded by the S. pombe YPT5 gene is a close
homolog of mammalian Rab5, even to the extent that is itself targeted to this compartment using a Tyr-based
signal in the cytoplasmic tail (A. Kelly, Guys Hospital,Rab5 will rescue yeast with a deletion in YPT5. Cells
lacking YPT5 are barely viable and have a block in endo- London; Marks et al., 1995). Newly synthesized class II
is associated with another protein, invariantchain, whichcytosis and no discernable vacuoles. J. Armstrong (Uni-
versity of Sussex, United Kingdom) reported the identifi- dissociates upon peptide binding. Invariant chain can
be detected in the MVBs but not in the MLBs, and endo-cation of a second site supressor of the YPT5 deletion.
Surprisingly, endocytosis was still defective in such cytosed antigens are found first in the MVBs and much
later in MLBs. Taken together, these observations sug-cells, although viability and normal vacuolar morphology
were restored, indicating that Rab5 may have other gest that the multivesicular structures are the precursors
of the multilamellar variety, a conclusion supported byfunctions in addition to its role in regulating incoming
membrane traffic. pulse/chase analysis of exogenous tracers in other cell
types such as Hep2 (B. van Deurs, Panum Institute,
Copenhagen).
Variations on a Theme An MIIC subcompartment, the CIIV (for class II vesi-
Classical studies on the endodyctic pathway character- cle), has been isolated from a murine B lymphoma cell
ized two fates for endocytosed proteins: return to the line by virtue of its pronounced anodal shift in free flow
cell surface or degradation following transport to lyso- electrophoretic separations (I. Mellman, Yale University,
somes. However, it is now clear that the endocytic path- New Haven, Connecticut). Membrane immunoglobulin,
way is more complex and that many cells have the ca- presumably targeted to this compartment following en-
pacity to sequester some endocytosed proteins into docytosis from the cell surface (Mitchell et al., 1995), can
specialized compartments from which they can be mo- be found in the shifted fraction, along with its associated
bilized to the cell surface when required. The tubuloves- Iga/Igb heterodimer. Intriguingly, an additional protein
icluar compartment containing the insulin-regulatedglu- of 50 kDa with immunological cross-reactivity to Iga is
cose transporter GLUT4, found in muscle and adipose also enriched in this vesicle population, although its
tissue, is one such example, while the synaptic vesicles function is not yet known.
of neurons and neuroendocrine cells are another. Nerve How peptide-loaded class II MHC molecules are
terminals are ªhotspotsº of endocytosis, as discussed transported from MIICs, CIIVs, or both to the cell surface
by R. Kelly (University of California, San Francisco), cit- is an unresolved issue of some interest, not least be-
ing the immediate paralysis seen in shibirets Drosophila cause of their complex morphology and the apparent
upon temperature shift as a dramatic illustration of the sequestration of class II MHC molecules on internal
importance of endocytosis in neurons. One of the pro- membranes. Retrograde transport either through con-
teins that needs to be endocytosed at the nerve teminal ventional endosomes or via the Golgi apparatus are pos-
is the v-SNARE synaptobrevin, and Kelly presented sible routes to the cell surface, but Geuze presented
studies indicating that this protein may use distinct sig- evidence for an alternative possibility involving direct
nals for internalization and for subsequent incorporation fusion of MIICs with the cell surface. In this scenario,
some peptide-loaded class II MHC molecules would beinto synaptic vesicles. In vitro reconstitution studies
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incorporated into the plasma membrane, but others on uptake of transmembrane proteins from adjacent cells
is a general phenomenon.internal vesicles would be apparently lost to the external
medium. The immunological significance of this popula-
tion of vesicles is not clear since it would seem that the
Invasion by Pathogensattention of T lymphocytes should be focused on the
Our appreciation of the capacity of foreign pathogensspecific B cells that had captured and processed anti-
to invade the endocytic pathway is as old as apprecia-gen and not on bystander cells that might passively
tion of the pathway itself. Many key observations, start-capture shed class II MHC. Nonetheless, direct fusion
ing with Metchnikoff's pioneeringstudies on phagocyto-of endocytic/lysosomal compartments with the cell sur-
sis in the last century, have exploited various pathogens,face has some precedent in the context of the cytotoxic
including microbes, viruses, and microbial toxins, asgranules found in CD81 killer T lymphocytes. Fusion
tools to analyze endocytic pathways, and this themeof these so-called secretory lysosomes, which contain
was still apparent at themeeting. Phagocytosis, whetherperforin and granzymes, is triggered following contact
of live pathogens, dead pathogens, or synthetic particu-with target cells bearing appropriate class I MHC±
late mimics of pathogens such as latex beads, mustpeptide complexes. The molecular details of this exo-
encompass several stages: particle binding to the cellcytic event are not yet known, but it appears to be
surface, particle engulfment and, finally downstreamdisrupted in Chediak±Higashi syndrome. Gillian Griffiths
processing of the phagosome. Phagosomes may have(University College London) has raised cytotoxic CD81
different fates depending on the nature of the phago-T cells from a patient with this condition and has shown
cytic process, i.e., zippering versus triggering mecha-that although the cells contain cytotoxic granules with
nisms (Swanson and Baer, 1995), on the signaling path-the normal complement of granzymes and perforins,
ways activated during uptake, e.g., via ligation of Fcthey fail to kill target cells and do not release granule
receptors or alternatives such as integrins and on thecontent upon stimulation. Instead, the cells accumulate
organism itself. Work from several labs strongly sug-ªgiantº granules, while in other cell types, giant lysomes
gests that the survival of pathogens depends on theirare formed.
ability to modulate the interaction of phagosomes withSome novel mechanisms of uptake, and some unex-
other elements of the endoycytic pathway and to controlpected functions of endocytosis, were reported at the
the composition of the phagosome membrane to themeeting by investigators working on invertebrates. C.
pathogen's advantage. One example of this is the in-Bailey (Columbia University) described studies on the
creased rate of fusion observed between phagosomessea slug Aplysia. Previous experiments had shown that
containing live Listeria and endosomes (see above);internalization of cell adhesion molecules (ApCAMs) by
another is the finding reported by C. de Chastellier (Fa-sensory neurons occurs during habituation, the process
by which repeated weak stimuli render the animal unre- culteÂ de Medicine Necker-Enfants Malades, Paris) that
phagosomes containing Mycobacterium avium cansponsive to further stimulation. This removal and subse-
quent redistribution of ApCAMs may allow the cell to avoid destruction by remaining in immature phago-
somes, which can fuse with early endosomes but notremove old contacts and form new synapses (Hu et
al., 1993). Bailey has now examined sensory neurons with lysosomes, and by maintaining a relatively high pH.
Unraveling the molecular details of phagosome pro-undergoing habituation by electron microscopy and re-
ported a 10-fold increase in the number of clathrin- cessing will require detailed biochemical analysis of the
phagosome membrane and reconstitution in vitro of thecoated pits and vesicles forming at the cell surface after
a suitable stimulus. Interestingly, these coated pits and key interactions that phagosomes make with other
membranes and with the cytoskeleton. The studies de-vesicles were found to contain fragments of neighboring
cells, presumably attached by ApCAM interactions. scribed by Gareth Griffiths (EMBL), following uptake of
latex beads by macrophage cell lines, will facilitate fu-Whether a similar process occurs in mammalian neurons
is still not known. ture in vitro analysis of phagosomes occupied by ªrealº
pathogens. Such studies will surely be necessary since,Endocytosis of patches of plasma membrane from
another cell is also thought to occur in Drosophila, where as noted above, formation and downstream processing
of phagocytic vacuoles is a very hetergenous processtransmembrane receptors have been identified whose
ligands are also transmembrane proteins, expressed on strongly influenced by the pathogen itself. As someone
commented, the latex receptor remains to be identified!a different cell type. One example of this is the Sevenless
protein, a tyrosine kinase expressed on the precursor of Nonetheless, phagosomes carrying such particles are
processed actively by the cell and exhibit dynamic inter-photoreceptor cell 7 (R7), whichbinds toand internalizes
Boss, another integral membrane protein expressed on actions with other elements of the endocytic pathway
identifiable at the biochemical level. One potential out-photoreceptor cell 8 (R8). This process is essential for
normal development of the eye. H. Kramer (Southwest- come of such studies may be the development of novel
therapeutic approaches; in addition, by learning howern Medical Center, Dallas, Texas) has used the ap-
proach of screening for mutants to identify additional pathogens are able to modify the endocytic pathway,
we may be able to learn more about how the pathwayproteins required for internalization of the Sevenless±
Boss complex and has found that the protein product is regulated normally. For instance, an explanation of
how Listeria stimulates the binding of Rab5 to theof the hook gene is also involved in this pathway. It will
now be of interest to find out whether a similar protein phagosome membrane should help to elucidate how
Rabs are recruited onto membranes in general.is found in other organisms and, furthermore, whether
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Fra, A., Williamson, E., Simons, K., and Parton, R.G. (1995). De novoConclusions and Perspectives
formation of caveolae in lymphocytes by expression of VIP21±Although a considerable flow of information has been
caveolin. Proc. Natl. Acad. Sci. USA 92, 8655±8659.generated by new experimental approaches and the
Gruenberg, J., and Emans, N. (1993). Annexins in membrane traffic.identification of novel molecules, it is evident that our
Trends Cell Biol. 3, 224±227.
knowledge of the organization and mode of function of
Gugliatti, T.A., Hall, L., Rosenbluth, R., and Suzuki, D.T. (1973). Tem-
the endocytic pathway as a whole is still fragmentary. perature-sensitive mutants of Drosophila melanogaster. XIV. A se-
This is reflected by the divergent, sometimes conflicting, lection of immobile adults. Mol. Genet. 120, 107±114.
interpretations that often originate from the analysis of Hopkins, C.R., Gibson, A., Shipman, M., and Miller, K. (1990). Move-
the same transport process within the pathway. How- ment of internalized ligand±receptor complexes along a continuous
endosomal reticulum. Nature 346, 335±339.ever, this meeting clearly demonstrated a substantial
progress in our understanding of endocytosis. More Horazdovsky, B.F., DeWald, D.B., and Emr, S.D. (1995). Protein
transport to the yeast vacuole. Curr. Opin. Cell Biol. 7, 544±551.importantly, this progress opens the door to novel lines
Hu, Y., Barzilai, A., Chen, M., Bailey, C.H., and Kandel, E.R. (1993).of research that should contribute significant break-
5-HT and cAMP induce the formation of coated pits and increasethroughs into how the endocytic pathway operates. One
the expression of clathrin light chains in sensory neurons of Aplysia.of them is the elucidation of the mechanisms responsi-
Neuron 10, 921±929.
ble for the clathrin-independent internalization pathway.
Jones, A.T., and Clague, M. (1995). Phosphatidylinositol 3-kinaseExperimental systems that allow the knockout of dy-
activity is required for early endosome fusion. Biochem. J. 311,
namin function in an inducible manner and the de novo 31±34.
formation of caveolae in cell lines normally lacking these Marks, M.S., Roche, P.A., van Donselaar, E., Woodruff, L., Peters,
structures should facilitate the biochemical and mor- P.J., amd Bonifacino, J.S. (1995). A lysosomal targeting signal in
phological analysis of the alternative entry routes into the cytoplasmic tail of the beta chain directs HLA-DM to the MHC
class II compartments. J. Cell Biol. 131, 351±370.the cell. How is transport between sorting and recycling
Mitchell, R.N., Barnes, K.A., Grupp, S.A., Sanchez, M., Misulovin,endosomes regulated? How is sorting in polarized epi-
Z., Nussenweig, M., and Abbas, A.K. (1995). Intracellular targetingthelial cells controlled? These questions are difficult to
of antigens internalized by membrane immunoglobulin in B lympho-answer without a multidisciplinary approach. The ongo-
cytes. J. Exp. Med. 181, 1705±1714.
ing search for regulatory molecules is expected not only
Ohashi, M., de Vries, K.J., Frank, R., Snoek, G., Bankaitis, V., Wirtz,to give clues into the mechanismsthat control endocytic
K., and Huttner, W.B. (1995). A role for phosphatidylinositol transfer
trafficking but also to provide those functional markers protein in secretory vesicle formation. Nature 377, 544±547.
that, alongside a morphological analysis, can help delin- Parton, R.G., Prydz, K., Bomsel, M., Simons, K., and Griffiths, G.
eate the compartment boundaries. In this respect, stud- (1989). Meeting of the apical and basolateral endocytic pathways
ies of phagocytosis and antigen presentation will con- of the Madin±Darby canine kidney cell in late endosomes. J. Cell
Biol. 109, 3259±3272.tinue the exploration of the endocytic pathway and
Pierre, P., Scheel, J., Rickard, J.E., and Kreis, T.E. (1992). CLIP-170illustrate how its basic organization is modified to serve
links endocytic vesicles to microtubules. Cell 70, 887±900.specific functional requirements. As yeast genetics and
Pryer, N.K., Wuestehube, L.J., and Schekman, R. (1992). Vesicle-biochemical studies in mammalian cells have estab-
mediated protein sorting. Annu. Rev. Biochem. 61, 471±516.lished a link between membrane traffic and cytoskeleton
Rothman, J.E. (1994). Mechanisms of intracellular protein transport.organization, the challenge is now to elucidate the mo-
Nature 372, 55±63.lecular principles of this connection. This area will be
Sallusto, F., Cella, M., Danieli, C., and Lanzavecchia, A. (1995). Den-strengthened, particularly with regard to the function of
dritic cells use macropinocytosis and the mannose receptor to con-
actin and actin-associated proteins. Finally, it is becom- centrate macromolecules in the major histocompatibility class II
ing apparent that an increasing number of sophisticated compartment: downregulation by cytokines and bacterial products.
assays will be required to tackle the complexity of the J. Exp. Med. 182, 389±400.
endocytic transport machinery. Among these, time- Schu, P.V., Takegawa, K., Fry, M.J., Stack, J.H., Waterfield, M.D.,
and Emr, S.D. (1993). Phosphatidylinositol 3-kinase encoded bylapse video microscopy is expected to gain increasing
yeast VPS34 gene essential for protein sorting. Science 260, 88±91.importance and, in conformity with the title of the meet-
Sorkin, A., and Carpenter, G. (1993). Interaction of activated EGFing, to generate exciting insights into the dynamics of
receptors with coated pit adaptins. Science 261, 612±615.endocytic organelles.
Swanson, J.A., and Baer, S.C. (1995). Phagocytosis by zippers and
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